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Tilt rotor aircraftAbstract A method combining rotor actuator disk model and embedded grid technique is pre-
sented in this paper, aimed at predicting the ﬂow ﬁelds and aerodynamic characteristics of tilt rotor
aircraft in conversion mode more efﬁciently and effectively. In this method, rotor’s inﬂuence is con-
sidered in terms of the momentum it impacts to the ﬂuid around it; transformation matrixes among
different coordinate systems are deduced to extend actuator method’s utility to conversion mode
ﬂow ﬁelds’ calculation. Meanwhile, an embedded grid system is designed, in which grids generated
around fuselage and actuator disk are regarded as background grid and minor grid respectively, and
a new method is presented for ‘donor searching’ and ‘hole cutting’ during grid assembling. Based on
the above methods, ﬂow ﬁelds of tilt rotor aircraft in conversion mode are simulated, with three-
dimensional Navier–Stokes equations discretized by a second-order upwind ﬁnite-volume scheme
and an implicit lower–upper symmetric Gauss–Seidel (LU-SGS) time-stepping scheme. Numerical
results demonstrate that the proposed CFD method is very effective in simulating the conversion
mode ﬂow ﬁelds of tilt rotor aircraft.
ª 2015 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
Tilt rotor aircraft is a ﬂight vehicle which can land and take off
vertically, as well as convert to propeller mode to achieve high-speed cruise performance. Extensive researches, covering a
number of areas including aerodynamic interactions, perfor-
mance, aeroacoustics and dynamics, have been conducted on
it in recent years due to its unique advantages and technical
complexity. In the aspect of experimental research, various
experiments have been carried out by NASA Ames Research
Center, Bell Helicopters Inc.1–3 and other institutions.
Abundant experimental data has been obtained, which pro-
vides great assistance to the tilt rotor aircraft design and man-
ufacture. In the aspect of computational research, due to the
complexities of tilt rotor ﬂow ﬁelds and its aerodynamic char-
acteristics, more and more researchers started to study tilt
94 Y. Zhang et al.rotor aircraft aerodynamics by solving Navier–Stokes equa-
tions instead of using conventional methods. For example, in
the mid-1990s, the ﬂow ﬁeld of V-22 rotor/wing conﬁguration
in hover was simulated by Meakin4 with the unsteady thin-
layer Navier–Stokes equations, and rotor motion and rotor/
airframe interference were simulated directly using moving
body overset grid methods. The ﬂow over a wing-fuselage-
nacelle conﬁguration of the V-22 tilt rotor aircraft in forward
ﬂight was simulated by Tai5 with a multi-zone, thin-layer
Navier–Stokes method, and major ﬂow features including
the three-dimensional ﬂow separation due to viscous-vortex
interactions observed experimentally were captured. After the
year 2000, overset-grid Reynolds Averaged Navier–Stokes
(RANS) solvers, OVERFLOW and Fun3D, were used by
Gupta and Baeder6 and Lee-Rausch7 respectively to numeri-
cally simulate the ﬂow ﬁelds of a simpliﬁed Quad Tilt Rotor
(QTR) in forward ﬂight and an isolated tilt rotor in hover.
Aerodynamic characteristics of tilt rotor in hover were
computed by Potsdam and Strawn8 by solving the governing
equations in rotation reference frame. More detailed investiga-
tions on tilt rotor aircraft were presented in the doctorate the-
sis of Gupta.9 In his paper, ﬂow ﬁelds around a simpliﬁed
Quad Tilt rotor, both in and out of ground effect, were
simulated; rotor was modeled by both actuator disk and body
conforming meshes method, the results obtained by these two
methods were then compared.
A feature of tilt rotor aircraft is the existence of conversion
mode. In this status, the manipulation and dynamic response
of its blades are more complex than those of conventional
helicopter rotors or propeller because of the more severe wake
distortion and unsteady blade loads. Research on tilt rotor air-
craft in conversion mode is still a challenge until now, although
extensive research works on this aircraft in helicopter or pro-
peller mode have been conducted. Challenges to the research
work on tilt rotor aircraft arise from the complexity of ﬂow
physics in conversion mode, which is reﬂected in the following
two aspects. One is that the rotor wake is intensely distorted
due to the blade manipulation for aerodynamic balance and
the other is that ﬂow ﬁelds induced by wing and rotors are clo-
sely coupled and severe aerodynamic interference phenomenon
appears, with the reason that the forward ﬂight speed is usually
not very high and the space between rotor blades and wings is
quite narrow.
Considering the importance and complexity of the research
on conversion mode, this paper mainly focuses on numerical
methods to be used for conversion mode simulation. In gen-
eral, accurate modeling of ﬂow around individual rotor blades
is a complex task even for a conventional helicopter conﬁgura-
tion, which means much more time and resource requirements
for tilt rotor aircraft conversion mode calculation. As the ﬁrst
step of the research plan, this paper proposes a new approach
by combining rotor actuator disk model with embedded grid
technique, aimed at providing a rapid, effective and universal
method, which can be conveniently transplanted to the rotor
blade body-ﬁtted ﬂow ﬁeld calculation in future. The work
in this paper can be described as follows: rotor is modeled as
an actuator disk in order to ameliorate computational time
costs and make simulation works possible, and transformation
matrixes among different coordinate systems are deduced so
that the actuator model can be used at different tilt angles.
Meanwhile, embedded grid system is designed to describe rel-
ative movement among the rotors and wing/fuselage, and anew method is presented for ‘donor searching’ and ‘hole cut-
ting’ during grid assembling. Grids generated around fuselage
and actuator disk are regarded as background grid and minor
grid respectively, and the inﬂuence of actuator disk on ﬂow
ﬁelds at different tilt angles is simulated by the location change
of minor gird.
A CFD solver is put forward after comprehensively analyz-
ing the requirements of ﬂow ﬁeld calculation for tilt rotor con-
ﬁgurations in conversion mode, by combining methods
mentioned above and Navier–Stokes equations solving
technique. Three-dimensional Navier–Stokes equations are
discretized using a second-order upwind ﬁnite-volume scheme
and an implicit LU-SGS scheme. Induced velocity ﬁelds of
experimental rotors are simulated ﬁrstly for validation pur-
pose, and then ﬂow ﬁelds of a tilt rotor aircraft model are cal-
culated. Results indicate that the present CFD method is very
effective and has the ability to capture essential ﬂow ﬁeld char-
acteristics and to predict aerodynamic interactions of tilt rotor
aircraft in conversion mode.
2. Methodology
2.1. Grid system
An embedded grid system with the rotor modeled as actuator
disk is adopted in the present work. Considering the relative
movement among different components of tilt rotor conﬁgura-
tions, a minor grid with the rotor modeled as actuator disk and
a background grid enclosing unmoving bodies (fuselage) are
generated separately, and the minor grid is fully embedded
inside the background grid. Taking the universality into con-
sideration, topology of grid cells is not restricted (although
the pure hexahedron cells are used in the following
illustrations).
Preprocessing of overset grid conventionally involves two
steps: ‘hole cutting’ and ‘donor searching’. The related
previous investigations are extensive and various methods
are developed, such as explicit and implicit methods for hole
cutting,10–12 inverse map,13 neighbor-to-neighbor (N2N)14
and alternating digital tree (ADT) searching algorithm15 for
donor cell searching. Based on these previous studies, a more
adaptable scheme is designed and applied in the present work
to meet the requirements for tilt rotor aircraft calculation as
described in detail as follows.
(1) For each grid block, cells which are directly adjacent to
body surface or actuator disk are marked as layer 1;
those unmarked cells which are adjacent to layer 1 are
then marked as layer 2. Then, the left cells will be
marked with different layer numbers according to the
method, and these layer numbers will be used as adapt-
able parameters for adjusting range of ‘hole cutting’.
(2) For each cell (noted as C) in one grid block, cell in other
grid blocks which contains the cell center of C is
searched and noted as donor cell (D). If the layer num-
ber of cell D is less than or equal to a given constant, cell
C will be regarded as ‘Hole Cell’, which should be
blanked out during computation. Those cells which do
not have donor cells are temporarily considered as nor-
mal cells. Neighbor-to-Neighbor (N2N) searching algo-
rithm is adopted for donor cell searching and the
Fig. 1 Grids before hole cutting.
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donor cell. For problems concerning grid motion,
recalculation of the domain connectivity, including hole
cutting and interpolation coefﬁcients at each time step is
required, and information from the previous time step is
reused instead of domain connectivity solutions from
scratch to enable speed-ups. Furthermore, as we know
neighbor-to-neighbor algorithm performs well only
when the domain is continuous and convex, so in order
to satisfy this condition, auxiliary gird is generated
inside body and the convexity of outer boundary of each
grid block must be ensured.
(3) For loop over all normal cells, the cell whose neighbors
have ‘Hole Cell’ is deﬁned as ‘Interpolated Cell’.
A multi-element airfoil model (as shown in Fig. 1) is used to
better elucidate this embedded grid technique. Gird enclosing
the main wing is deﬁned as background grid, while grids
around leading-edge slat and ﬂap are deﬁned as minor grids.
It can be seen from this ﬁgure that some minor grids cells
(some of them are outer boundary cells) overlapping in-body
region of background grid must be blanked out. Remaining
outer boundary of the minor grid blocks gets information from
background grid, which acts as a boundary condition for the
minor grid. Meanwhile, holes are cut in the background grid
in those regions where the ﬁner near body grid (minor grid)
is available; since hole is cut at the background grid, an inner
boundary is generated in the background grid and those cells
need to receive information from the minor grid. A typical
searching path adopted to ﬁnd donor cell for an arbitrary cellFig. 2 Searching path adopted to ﬁndis shown in Fig. 2 and the arrows demonstrate the searching
direction. Fig. 3 is the grids after ‘hole cutting’ and Fig. 4
shows background grid after hole cutting by using different
layer numbers.
2.2. Numerical method
2.2.1. Governing equations
For a three-dimensional ﬂow through a ﬁnite volume X mov-
ing with a speed Vt, which is enclosed by the boundary surface
@X and an exterior normal vector n, integral form of the
conservation equations in inertial reference frame is given as
@
@t
Z Z Z
WdXþt@XðFWVtÞ  ndS ¼ Q ð1Þ
where W denotes the vector of conservative variables, F con-
vective ﬂux vector, and Q source term. These vectors are given
below:
W ¼ q; qV; qE½ T
F ¼ qV  n; qVðV  nÞ  nþ Pn;½
qEðV  nÞ þ PV  nT
8><
>:
where q denotes the density, V vector of velocity, E total
energy per unit mass and P pressure.
2.2.2. Deﬁnition and transformation of coordinate systems
Three different coordinate systems are adopted for describing
the movement of a tilt rotor aircraft: inertial reference frame,
nacelle reference frame and rotor reference frame (see
Fig. 5). The inertial reference frame convention used in the
present work is given in detail as follows: z-axis: longitudinal
fuselage which is positive in downstream direction; y-axis: ver-
tical direction of fuselage which is positive upward; x-axis:
spanwise axis (parallel to the tilt axis of nacelle).
Transformation matrixes between different coordinate
systems are given as follows:
M1 ¼
1 0 0
0 cos c sin c
0  sin c cos c
2
64
3
75M2 ¼
cosw 0  sinw
0 1 0
sinw 0 cosw
2
64
3
75M3 ¼
1 0 0
0 cos b sin b
0  sin b cos b
2
64
3
75M4 ¼
cos h sin h 0
 sin h cos h 0
0 0 1
2
64
3
75 ð2Þthe donor cell for an arbitrary cell.
Fig. 4 Background grid after hole cutting with different layer numbers’ selection.
Fig. 3 Grids after hole cutting.
96 Y. Zhang et al.where c, w, b and h are tilt angle, azimuthal angle, ﬂap angle
and pitch angle respectively.
Coordinate transformation between inertial reference frame
and rotor reference frame can be written as
x xnrc
y ynrc
z znrc
2
64
3
75 ¼ ½M1½M2½M3½M4
n nrrc
g grrc
f frrc
2
64
3
75
þ½M1
n0rrc  n0nrc
g0rrc  g0nrc
f0rrc  f0nrc
2
64
3
75
n nrrc
g grrc
f frrc
2
64
3
75 ¼ ½M4T½M3T½M2T½M1T
x xnrc
y ynrc
z znrc
2
64
3
75
½M4T½M3T½M2T
n0rrc  n0nrc
g0rrc  g0nrc
f0rrc  f0nrc
2
64
3
75
8>>>>>>>>>>>><
>>>>>>>>>>>>:
ð3Þ
where (x, y, z), n; g; fð Þ and n0; g0; f0  are coordinates
in inertial reference frame, rotor rotating reference frame and
nacelle rotating reference frame respectively; the subscript rrc
and nrc denote rotor rotation center and nacelle rotation
center.
2.2.3. Rotor modeling method
The rotor is modeled as an inﬁnite thin disk16 and there are
two aspects which need to be considered in determining therotor’s inﬂuence on the ﬂow ﬁeld. One aspect is to ﬁnd the
locations in the physical or computational domain where the
inﬂuence is felt. The other aspect is to determine the momen-
tum equation source terms Q in Eq. (1) at these locations.
The actuator disk is treated as a separate plane in the ﬂow
ﬁeld and discretized into small elements. For each element,
there are two grid cells, locating above and below the element
respectively. The force acting on an arbitrary element is
denoted as Sx; Sy; Szð Þ and distributed equally into the
two grid cells. Consequently, the source term (MS)K addedFig. 5 Reference coordinate systems deﬁnition.
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ence is written as
ðMSÞK ¼ 0; Sx=2; Sy=2; Sz=2; ðuSxþ vSyþwSzÞ=2½ T
ð4Þ
where u, v, w denote velocity components.
Take a tiny element on the plane of actuator disk as the
investigation object, which is located at a distance r from the
center of hub, with a length of dr along the spanwise directionFig. 6 Flow velocity exp
Fig. 7 Schematic of tilt rotand a width of Dh along the circumferential direction. Suppos-
ing that the force acting on the blade is dF the instantaneous
force acting on the ﬂuid element at this location is then dF
and the resultant force is NdF for N blades. Consequently,
the time averaged force acting on the surface of grid cell,
whose area is SD, is ½NSDðdFÞ=2prdr. The rotational speed
of rotor is x and ﬂow velocity experienced by the airfoil in
rotor reference frame is shown in Fig. 6 (Rotor rotation direc-
tion is clockwise or counter-clockwise when viewed fromerienced by the airfoil.
or ﬂow ﬁeld calculation.
98 Y. Zhang et al.above the model), where a1 is the effective angle of attack and
hs is the initial collective angle.
Since there are no aerodynamic forces along the span (f
direction), only forces along n and g directions need to be
calculated (see Fig. 6). For a clockwise rotating rotor, the
forces fDn and fDg acting on the surface of grid cell, along n
and g directions, are written in Eq. (5).
fDg ¼ NðdFgÞSD2prdr ¼ NðdL cos a2þdD sin a2ÞSD2prdr
¼ N
1
2qV
02CLcdr cos a2þ12qV02CDcdr sin a2ð ÞSD
2prdr
¼ NqV02cSDðCL cos a2þCD sin a2Þ
4pr
fDn ¼ NðdFnÞSD2prdr ¼ NðdL sin a2þdD cos a2ÞSD2prdr
¼ N 
1
2qV
02CLcdr sin a2þ12qV02CDcdr cos a2ð ÞSD
2prdr
¼ NqV02cSDðCL sin a2þCD cos a2Þ
4pr
8>>>>>><
>>>>>>:
ð5Þ
where q is the density changing along with the ﬂow ﬁelds’ iter-
ating, r the radial location, c the blade chord-length, SD the
area of grid cell, and V0 relative resultant velocity in rotor ref-
erence frame; dL and dD are lift and drag acting on the blade,
and CL and CD are lift and drag coefﬁcient.
a2 ¼ arctanðVg=VnÞ, where Vn and Vg are the components of
V0 along n direction and g direction respectively. Similar equa-
tions can be deduced for counter-clockwise rotating rotor.
2.2.4. Method for ﬂux computation
ROE’s scheme17 is used in spatial discretization and ﬂux func-
tion on the interface can be written as
FROE
iþ12
¼ 1
2
½Fi þ Fiþ1  ðWi þWiþ1ÞVt  jA VtIjiþ12DW ð6Þ
where j  j is the Jacobian matrix of ROE’s scheme; subscript i,
i+ 1 and iþ 1
2
represent left cell, right cell and the interface
respectively. DW=Wi+1 Wi, I is identity matrix.
2.2.5. Precision of numerical scheme
The numerical scheme is of second-order accuracy, which can
be derived using the gradient reconstruction technique, and the
gradient of ﬂow ﬁeld variable U at cell centers can be calcu-
lated by the Green-Gauss law:Fig. 8 Comparisons of predicted dynamic prrUc0 ¼ 1
Vi
X
f
UfAf ð7Þ
where Uf is the value of U at the interface center, Vi the volume
of the cell i, Af the area of the interface and the subscript c0,
the center of the control volume. Meanwhile, the limiter of
Venkatakrishnan18 is used here to avoid generating new
extrema.
2.2.6. Temporal discretization
A Matrix-Free implicit LU-SGS method19 for temporal dis-
cretization is used, which containsForward sweep:
DWi ¼ D1 Ri 
X
j:j<i
1
2
ðDFðWj ; nijÞ  jkijjDWj ÞjSijj
 
ð8Þ
Backward sweep:
DWi ¼ DWi D1
X
j:j>i
1
2
ðDFðWj; nijÞ  jkijjDWjÞjSijj ð9Þ
whereWi (orW

i ) andWj (orW

j )denote the conservative vari-
ables of the cell i and j, DWi (or DW

i ) and DWj (or DW

j )
denote the increment of conservative variables for cell i and
j, DF represents the increment of convective ﬂux, the diagonal
matrix is Di ¼ ViDsþ
1
2
X
j
jkijjjSijj, Ri is the residual after the
mth iteration in pseudo-time domain, jkijj is the spectral radius
of the ﬂux Jacobian matrix and jSijj represents the area of the
interface. Fig. 7 is the schematic of tilt rotor ﬂow ﬁeld
calculation.
3. Results and discussion
3.1. Induced velocity (dynamic pressure) calculations for an
experimental rotor
The experimental rotor model has two untwisted and unta-
pered blades (R= 0.914 m) and airfoil section is NACA0012.
Operating condition is: blade tip Mach number Mtip ¼ 0:3285
and collective angle h0 ¼ 11. Fig. 8 is the comparison between
predicted dynamic pressure distributions and experimental
data20 at different axial positions, where r and y representessure distributions with experiment data.
Numerical study on ﬂow ﬁelds and aerodynamics 99the radial position and axial position. It can be seen from the
ﬁgure that the calculated results and experimental data agree
well.
3.2. Tilt rotor ﬂow ﬁelds and aerodynamic characteristics
3.2.1. Tilt rotor grid system
The geometry of tilt rotor used in this paper is shown in Fig. 9,
with the rotor modeled as an actuator disk. In order to conve-
niently describe the relative movement and guarantee grid
quality, structured grids are separately generated around fuse-
lage and nacelle which are regarded as background grid and
minor grid respectively. The minor grid is totally embedded
into background grid, as shown in Fig. 10. The total number
of grid cells is approximately 1.5 · 107. As the geometry has
a small gap between the wing and nacelle, special care was
taken during grid generation to ensure enough overlap region.
Meanwhile, grid reﬁnement was made around actuator disk in
order to capture dominant ﬂow features and the maximum
spacing is less than 0.01c (c denotes the airfoil chord length
at blade tip). As the solver is based on unstructured embedded
grid methods, grids are treated as unstructured during real
computation.
3.2.2. Flow ﬁelds of tilt rotor in conversion mode
The operating condition in this section is as follows: pitch
angle is 20 and free stream velocity is 30 m/s and 50 m/s.
Due to the great challenges to the unsteady ﬂow ﬁeld
simulation of tilt rotor aircraft for continuous tilt process, a
quasi-steady method is used here and only ﬂow ﬁelds at four
different tilt angles are calculated. Four spanwise locations
are selected for analyzing the chord wise pressure variation.
These locations are situated at 0.3R, 0.5R, 0.7R and 0.85RFig. 10 Tilt rotor grid system.
Fig. 9 Geometry of tilt rotor.from the rotor center and noted as Position 1, Position 2,
Position 3 and Position 4 respectively, as shown in Fig. 11.
As we know, down wash induced by rotor decreases the
actual angle of wing sections. Pressure distributions on the
above wing locations at different rotor tilt angles are presented
in Fig. 12, the symbol z/c on horizontal axis represents the
nondimensional airfoil chord length. It can be seen from the
ﬁgure that the pressure difference among the upper and lower
airfoil sections grows up with the tilt angle increasing, which
means the wake effect is weakening with the tilt angle increas-
ing. However, there is an exception that no obvious regularity
is found at Position 1, as it locates near the conjunction of
wing and nacelle, which may lead to more complicated ﬂow
phenomenon.
Fig. 13 demonstrates pressure distribution on wing Position
3 at different free stream velocities, V. It can be seen from this
ﬁgure that both the negative pressure on the upper surface and
the positive pressure on the lower surface decrease with the free
stream velocity increasing at the same tilt angle but the
changes on the upper surface are much more obvious which
leads to the increase of lift. However, there is an exception
when the tilt angle is 90, the negative pressure on the upper
surface increases with the free stream velocity increasing which
contributes to the decrease of lift. In conclusion, the
interaction between rotor wake and other components is com-
plicated which relates to many factors and it changes the aero-
dynamic characteristic of components behind the rotor.
In order to better elucidate the aerodynamic interaction
between rotor and wing, the distribution of rotor thrust is
analyzed, as shown in Fig. 14. Fig. 14 shows the rotor thrust
coefﬁcient distribution, with the solid line showing the result
of wing/rotor model and the dashed line demonstrating that
of isolated rotor model, the variables c and CT on the horizon-
tal axis and vertical axis denote tilt angle and rotor thrust coef-
ﬁcient. It can be seen from the ﬁgure that rotor thrust
decreases with the tilt angle increasing in both cases and rotor
thrust is larger in the former case due to the blockage of wing
to rotor wake. There is a difference about 5% when the tilt
angle is 0 and the discrepancy appears a declining tendency
with the tilt angle increasing.
Fig. 15 demonstrate pressure ﬁelds and streamlines distri-
butions on typical wing section, which is situated at 0.7R fromFig. 11 Spanwise stations on the wing.
Fig. 13 Pressure distributions on wing position3 at different free stream velocities.
Fig. 12 Pressure distributions on wing locations at different tilt angles.
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Numerical study on ﬂow ﬁelds and aerodynamics 101the rotor center, at different rotor tilt angles for the above two
free stream velocities respectively. It can be concluded that
inﬂow is deﬂected and accelerated through the actuator diskFig. 15 Pressure ﬁelds and distributions of streamlin
Fig. 16 Pressure contour on fuselage and
Fig. 14 Rotor thrust coefﬁcient distribution.and deﬂection effect is weakening with the tilt angle increasing.
In addition, it can also be seen by comparing these two ﬁgures
that the inﬂow is less deﬂected by actuator disk with the
increase of free stream velocity at the same tilt angle, which
is particularly obvious when tilt angle is 0.
Fig. 16 shows pressure contour on fuselage and actuator
surface. It can be seen from this ﬁgure that the ﬂow induced
by rotors impacts the upper wing and produces a large area
of high pressure, and the inﬂuence range changes with the tilt
angle variation.
Fig. 17 illustrates streamline distributions on typical section
(perpendicular to z axis and through the rotor rotation center).
It can be seen from the ﬁgure that the downwash induced by
rotor is blocked by wing and partial ﬂow runs inward along
the wing span then concentrates near the region of symmetry
plane of fuselage and eventually deﬂects upward, giving birth
to the rotor fountain ﬂow, as the forward ﬂight speed is not
very high. The fountain ﬂow phenomenon disperses with tilt
angle increasing, as the rotor wake direction deﬂection gets
weakened and less blocked by the wing. The ﬂow structure is
similar when the free stream velocity is 50 m/s and no more
detailed ﬁgures are given here.es on typical wing section at different tilt angles.
actuator surface at different tilt angles.
Fig. 17 Streamline distributions on typical section of tilt rotor at different tilt angles(V= 30 m/s).
102 Y. Zhang et al.4. Conclusions
(1) The developed CFD solver is able to capture essential
ﬂow characteristics and predict aerodynamic interac-
tions of tilt rotor aircraft in conversion mode.
(2) The transformation relation between different coordi-
nate systems is deduced which successfully extends the
utility of actuator disk model to rapid ﬂow ﬁeld calcula-
tion at different tilt angles.
(3) The new method for ‘hole cutting’ and ‘donor searching’
proposed is effective for grid assembling and ﬂow ﬁelds
simulation of tilt rotor in conversion mode.
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